Multiwalled carbon nanotubes (MWCNTs) modified with Pd and TiO 2 composite catalysts were synthesized by the sol-gel method followed by solvothermal treatment at low temperature. The chemical composition and surface structure were characterized by X-ray diffraction (XRD), energy-dispersive X-ray (EDX) spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Photocatalytic recycle degradation experiments were carried out under both UV and visible light irradiation in the presence of MWCNT/TiO 2 and Pd-MWCNT/TiO 2 composites. As expected, the nanosized Pd-MWCNT/TiO 2 photocatalysts had enhanced activity over the non Pd treated MWCNT/TiO 2 material in the degradation of a rhodamine B (Rh.B) solution. An increase in photocatalytic activity was observed and attributed to an increase in the photo-absorption effect by MWCNTs and the cooperative effect of Pd and TiO 2 nanoparticles. According to the recycled results, the as-prepared Pd-MWCNT/ TiO 2 sample had a good effect on it.
Introduction
ince the discovery of photocatalytic splitting of water on TiO 2 electrodes by Fujishima and Honda in 1972, 1) heterogeneous photocatalysis by semiconductors has attracted much interest due to its applications in environmental purification and solar energy conversion.
2) The TiO 2 photocatalyst is the most widely used because of its good activity, chemical stability, commercial availability, and inexpensiveness. It proved to be a promising photocatalyst material for applications in various fields such as dye-sensitized solar cells, [3] [4] hydrogen production [5] [6] [7] [8] [9] and purification of air and water. [10] [11] [12] During the past several decades, there have been extensive studies on TiO 2 . There are three main crystal structures: anatase, which tends to be more stable at low temperature; brookite, which is usually found in minerals and has an orthorhombic crystal structure; and rutile, which is the stable form at higher temperature. Anatase has higher photocatalytic activity and has been studied more than the other two forms of TiO 2 .
13) However, TiO 2 can only be excited by UV light with a wavelength of less than 385 nm because of the wide band gap (Eg: 3.2 eV).
14)
The high rate of electron-hole recombination in excited TiO 2 often results in a low quantum yield and poor efficiency for photocatalytic reactions, which also restricts the practical application of TiO 2 -based materials. 15) To date, many efforts such as doping and surface modification have been employed to improve the photocatalytic activity of TiO 2 , especially in the visible light region. [16] [17] [18] [19] To induce visible light activity in TiO 2 , the band gap must be shifted to lower values. The visible light activity can be induced by doping TiO 2 with various metal atoms such as Pt, Ag, Pd, Ru, and Cu.
20-22)
Since the discovery of CNTs in 1991, they have been used as a support for dispersion of functional materials in order to give them additional functional properties, such as structure, surface area, activity, and conductivity. [23] [24] However, organic species are often involved in these applications reported on CNTs with inorganic oxide coatings, especially semiconductors or insulators, so such applications are still quite limited. This might be because of the uncontrollable nature of the surface reactions of CNTs with inorganic oxides. Self-assembly of pre-fabricated nanoparticles has been suggested as an alternative way to improve the surface contact between CNTs and the deposited inorganic particles. In this study, we combined Pd nanoparticles on an MWCNT matrix to design an effective catalyst. To improve the catalysis activity, TiO 2 , Pd-MWCNT and Pd-MWCNT/ TiO 2 as composites were prepared by the sol-gel process. The prepared catalysts were characterized by XRD, EDX, SEM, and TEM techniques. The prepared Pd-MWCNT/TiO 2 catalyst was reused three times to decmpose the Rh.B solution.
Experimental Procedure

Materials and Reagents
The titanium n-butoxide (99%) used as the titanium alkoxide precursor to form TiO 2 was purchased from Acros Organics, New Jersey, USA. Crystalline MWCNT (95.9%) powder with a diameter of 20 nm and length of 5 µm was purchased from Carbon Nano-material Technology Co., Ltd, Korea. For the oxidization of the surface of the MWCNTs, m-chlorperbenzoic acid (MCPBA), used as an oxidized reagent, was also purchased from Acros Organics, New Jersey, USA. PdCl 2 (99%) was purchased from Kojima Chemicals Co.,Ltd, Japan. Benzene (99.5%) and ethanol (95.0%), used as solvent, was purchased from Samchun Pure Chemical Co., Ltd, Korea. One beaker containing 20 mL of ethanol (95.0%) was prepared; 2 mL of TNB was then added to the solution, followed by magnetic stirring for 5 min; 10 ml distilled water was added dropwise to the solution with constant stirring. Then we add 0.5 g as-prepared oxidized MWCNTs and 50 ml benzene into the solution with constant stirring for 8 h at 353 K. After completion, the black solution was filtered, washed 5 times with deionized water and ethanol and then dried at 373 K. Finally, the sample was heated at 773 K for 1 h. This photocatalyst was named MWCNT/TiO 2 .
Preparation of MWCNT/TiO
Synthesis of the Pd-MWCNT/TiO 2 Composite
Repeat the same steps as above until "10 ml distilled water was added dropwise to the solution with constant stirring" ; then 0.5 g as-prepared oxidized MWCNTs powder and 0.5 g PdCl 2 yellow powder were both added into the solution respectively with constant stirring for 8 h at 353 K. After that, we use the same process to wash the black solution 5 times as above, and dry the sample at 373 K. Then heat treated at 773 K for 1 h. This sample was named Pd-MWCNT/TiO 2 .
Characterization of Composites
The synthesized powders were characterized with some analytical techniques. The crystal phases of the composite photocatalysts were obtained by X-ray diffraction (XRD, Shimata XD-D1, Japan) at room temperature using CuKα radiation. Scanning electron microscopy (SEM, JSM-5200 JOEL, Japan) was used to observe the surface morphology and structure of the Pd-MWCNT/TiO 2 composites treated with TNB. The EDX spectra were also obtained to determine the elemental composition of the synthesized composites. Transmission electron microscopy (TEM, JEOL, JEM-2010, Japan) at an acceleration voltage of 200 kV was used to examine the size and distribution of the Pd deposited on the MWCNT surface and TiO 2 attached to the surface of the Pd-MWCNT composite. The light absorption of the samples was recorded using a UV-vis spectrophotometer (Optizen POP, Mecasys Co., Ltd, Korea) in the range of 200-750 nm.
Measurement of Photocatalytic Activities
The photocatalytic activities of the MWCNT/TiO 2 and Pd-MWCNT/TiO 2 were determined by the decomposition of Rh.B in an aqueous solution under both UV and visible light. The catalysts (0.03 g) were suspended in 100 mL of Rh.B solution with a concentration of 3.0 × 10 −5 mol/L in a glass vessel. Prior to irradiation, the suspensions were magnetically stirred in the dark for 30 min to ensure the establishment of an adsorption/desorption equilibrium among the photocatalyst, Rh.B and atmospheric oxygen, which was then considered as the initial concentration. Photocatalytic degradation was tested using the MWCNT/TiO 2 and Pd-MWCNT/TiO 2 catalysts under both UV and visible light irradiation. The reactions were carried out in an open cylindrical stainless glass vessel. The light irradiation of the reactor was done for 30, 60, 90, and 120 min and the removal of the dispersed powders through centrifuge. The clean transparent solution was analyzed using a UV-Vis spectrophotometer. The spectra (550-750 nm) for each sample were recorded and the absorbance was determined at the characteristic wavelength of 554 nm. As the catalytic properties of the Pd-MWCNT/TiO 2 composition were absorbed and degraded the red color of the solution faded gradually with time. For the recycling, MWCNT/TiO 2 and Pd-MWCNT/TiO 2 photocatalysts were recycled three times.
Results and Discussion
Structural Properties by XRD Patterns
The XRD technique was used to determine the crystallographic structure of the inorganic part of the composite. The XRD results of the MWCNT/TiO 2 and Pd-MWCNT/TiO 2 composites are compared in Fig. 1 
SEM and EDX Analysis
The SEM images of the MWCNT/TiO 2 and Pd-MWCNT/ TiO 2 composites are shown in Fig. 2. Figs. 2 (a) and (b) , we can see that the MWCNT were homogenously decorated by well-dispersed particles with only a few TiO 2 aggregates. In Fig. 2(c) , a porous structure is observed and the TiO 2 particles are uniformly dispersed on the whole surface of the Pd-MWCNT composite. Fig. 2 (d) shows a great particle size distribution of the Pd-MWCNT/TiO 2 sample. Very large amounts of Pd and TiO 2 grains were regularly adsorbed and coated on the surface of the MWCNTs and this special structure greatly prevented the Pd and TiO 2 grains from agglomerating, thus improving the rate of light adsorption and enhancing the photocatalytic efficiency of the catalyst.
The EDX microanalyses (wt%) of the MWCNT/TiO 2 and Pd-MWCNT/TiO 2 are shown in Table 1 . It can be clearly seen that the MWCNT/TiO 2 composite contained three main elements, C, O, and Ti. In the Pd-MWCNT/TiO 2 composites contained four main elements, Pd, C, O, and Ti. Acceptable range of impurities was also found. It clear that the Pd-MWCNT/TiO 2 composites were formed.
TEM Analysis
The TEM images of the MWCNT/TiO 2 and Pd-MWCNT/ TiO 2 composites are shown in Fig. 3 . The results of the TEM analysis corresponded with those of the SEM analysis. Fig. 3(a) revealed that the TiO 2 particles were well dispersed on the surface of the MWCNTs with a few TiO 2 particles agglomerated due to the formation of large grains. The difference in the particle size distribution between the images in Figs. 3 (a) and (b) was clearly observed. A few regular black dots were observed, which correspond to Pd particles. The mean size of the Pd nanoparticles was approximately 8-10 nm, as obtained from the TEM image. In other words, the Pd particles with a small size were attached uniformly to the surface of the MWCNTs. The size of the TiO 2 particles was approximately 10-20 nm and they were distributed uniformly on the surface of the MWCNTs. A generally precipitate-free and smooth interface was observed among the Pd and TiO 2 and the MWCNT matrix.
3.4. Degradation Procedure 3.4.1. Adsorption Ability To obtain accurate degradation data of the MWCNT/TiO 2 and Pd-MWCNT/TiO 2 composites, pure adsorption experiments were performed under dark conditions and the results are shown graphically in Fig. 4 . In Fig. 4 , the level of Rh.B adsorption by Pd-MWCNT/TiO 2 shows better adsorption ability than in the MWCNT/TiO 2 composite (from -30 min to 0 min).
Photocatalytic Activities
After irradiation for 120 min, both of the samples exhibited good degradation efficiency of Rh.B solution. The degradation results of the two samples are shown in Fig. 4 . The overall results shown in Fig.4 reveal that the Pd-MWCNT/ TiO 2 catalyst had better degradation ability,not only in terms of its adsorption but also its photocatalytic degradation. The result of the recycle experiments are shown in Fig. 5 ; 26% and 23% of Rh.B was degraded when Pd-MWCNT/TiO 2 was used for the first time under both UV and visible light respectively. After three recycles, a small decrease of photocatalytic activity with Pd-MWCNT/TiO 2 was found, and 23% (UV light) and 20% (visible light) of Rh.B was degraded in 150 min respectively as shown in Fig. 5 . Palladium was used to inhibit electron-hole pair recombination. For this supported catalyst system, charge pair separation was suggested to proceed via electron donation from the MWCNT/TiO 2 frame and the electron-accepting role possessed by Pd 2+ ions (electron-trap).
25-28)
MWCNT/TiO 2 +hν → e−+h
Another possible pathway may occur by accepting MWCNT/TiO 2 as an electron-delocalizing region. This probable route is relatively rare compared to the electron-donating task of the MWCNT/TiO 2 system due to the limited number of fullerene sites in its structure.
In these situations, the unstable nature Pd 3+ and Pd 
Therefore, the Pd-MWCNT/TiO 2 composites have a narrower band gap and can increase the level of photodegradation under both UV and visible light. This whole process is clearly described in Fig. 6. 
Conclusions
MWCNT/TiO 2 and Pd-MWCNT/TiO 2 composites were synthesized by simple sol-gel method. EDX analysis showed that the elemental contents of Pd-MWCNT/TiO 2 were mainly C, O, Ti, and Pd. The Pd and TiO 2 particles were uniformly loaded on the wall of the MWCNTs in the form of small spots. Compared with the pristine MWCNTs, though the surface areas of MWCNT/TiO 2 and Pd-MWCNT/TiO 2 were greatly decreased, they showed good adsorption effects. Under both UV and visible light irradiation, Rh.B, which is a typical standard dyestuff, was easily and efficiently degraded by the Pd-MWCNT/TiO 2 composite. Meanwhile, the Pd-MWCNT/TiO 2 sample exhibited better photocatalytic activity than the MWCNT/TiO 2 sample. After the third recycling, the sample still maintained relative stable degradation efficiency of Rh.B solutions. Thus, we suggest that the as-prepared Pd-MWCNT/TiO 2 sample has a good effect on recycling degradation of Rh.B.
